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Abstract: Many high-rise buildings have semi-enclosed landscaped spaces, which act as design
elements to improve the social and environmental aspects of the building. Designs such as skygardens
are open to outdoor airflow and allow occupants to observe the city skyline from a height. Due to
their often high location, they are subjected to strong wind speeds and extreme environmental
conditions. The current study investigates the effects of three common wind buffers (railing, hedges,
and trees) located at a height of 92 m on the performance of a skygarden, in terms of occupants’ wind
comfort. Computational fluid dynamics (CFD) simulations were carried out using the realisable
k-epsilon method, where the vegetation was modelled as a porous zone with cooling capacity.
The computational modelling of the high-rise building and vegetation were validated using previous
works. The quality class (QC) of the Lawson comfort criteria was used for the evaluation of the wind
comfort across the skygarden. The results indicate that, although the three wind buffers offer varying
levels of wind reduction in the skygarden, the overall wind conditions generated are suitable for
occupancy. Furthermore, vegetation is also able to offer slight temperature reductions in its wake.
The right combination and dimension of these elements can greatly assist in generating aero-thermal
comfort across skygardens.
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1. Introduction and Literature Review

Rapid urbanisation, along with the transformation of the built environment results in the
intensification of the urban heat island (UHI) effect [1] and consequently an increase in global energy
demand [2,3]. High-rise buildings and skyscrapers are one of the products of such a transformation,
which have emerged as a result of urban growth and development [4]. The number of high-rise
buildings is projected to increase, growing with the increasing demand for office spaces and housing
within cities [5]. This increasing urbanisation also results in an imbalance between the indoor and
outdoor space, which can affect the occupants’ well-being. Hence, novel concepts and approaches for
the sustainable design and planning of urban spaces [6] are increasingly being explored by researchers
to allow buildings and cities to cope with future challenges, such as the increasing building energy
demand and a shortage of green spaces [7,8].

The presence of green spaces can improve the quality of life in urban areas by influencing the
health and well-being of the local populations [9]. Green spaces are large spatial areas of vegetation
which can improve the local thermal conditions by enabling shading and evaporative cooling to lower
air temperatures [10,11]. It also acts as a filter which reduces pollutants, dust, and other harmful
particles within highly polluted dense city areas to improve outdoor air quality. Vegetation, including
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trees, hedges, and green walls located along open roads and street canyons, can provide aid as a barrier
between traffic emissions and adjacent areas [12].

Vegetation has been increasingly used in various aspects of cities to provide extensive benefits
towards local and global energy balances [13]. The use of vegetation in and around buildings can
be an effective strategy to enhance the thermal comfort and energy performance of buildings [14].
Aflaki et al. [15] highlighted that the presence of vegetation could decrease local air temperature and
aid in the mitigation of the UHI effect. Hirano et al. [16] and Gomes et al. [17] suggested that urban
vegetation and vertical greenery can also aid in the reduction of global CO2 emissions.

Previous works have shown that various forms of vegetation provide benefits towards occupants’
aero-thermal comfort conditions [18–20] and can enable people to stay in outdoor areas for an extended
duration, while also improving outdoor air quality. Kang et al. [18] used numerical modelling to
evaluate the wind flow around trees and its effect on pedestrian’s wind comfort in urban areas.
Meanwhile, Lin et al. [19] performed a thermal comfort assessment of urban parks under various
climatic conditions using field tests and observations. They investigated the influence of thermal
conditions on the thermal perception of visitors in an outdoor urban space.

Solutions such as the addition of semi-outdoor spaces within and around buildings are explored
in the literature. This includes balconies, rooftop gardens, courtyards, and semi-outdoor interbuilding
communal spaces [21]. Montazeri et al. [22] performed a wind comfort analysis on balconies
of high-rise buildings, which suggests that the balcony parapet can significantly improve wind
comfort. The implementation of a new façade concept showed its ability to control wind flow in
semi-outdoor spaces.

Another example of a semi-outdoor green space which is incorporated into the design of high-rise
buildings is a skygarden or skycourt. Skygardens or “courtyards in the sky” have been increasingly
utilised within densely populated areas, such as in Singapore and Hong Kong. They are semi-outdoor
spaces consisting of various forms of vegetation integrated within the intermediate levels of a high-rise
building [23]. The Bosco Verticale in Milan [24] and the Park Royal Collection Pickering in Singapore [25]
are examples of buildings with skygardens. Skygardens can provide additional space for occupants
residing inside, or in the proximity of, a building. It is designed for mixed-use purposes and as
a transitional, social, and environmental space benefitting the occupants and the inhabitants [26].
Greenery can be added to the horizontal and vertical surfaces of the skygarden. Hence, it can also be
an effective solution to reduce the UHI effect in densely built urban areas which have limited space for
private and public green spaces on the ground [27].

However, despite the advantages of skygardens detailed above, the number of skygarden-
integrated buildings remains relatively low [28]. Furthermore, limited studies exist which evaluate the
wind and thermal comfort conditions in skygardens. Previous works by Tien and Calautit [29] and
Mohammadi and Calautit [30] used Computational Fluid Dynamics (CFD) modelling to understand
the influence of the design of the skygarden on the wind and thermal comfort.

Literature Gap and Novelty

The study of Tien and Calautit [29] evaluated the aerothermal conditions and characteristics of
wind flow around skygardens at intermediate levels of a high-rise building. The work highlighted the
importance of the geometry and shape of the skygarden, which can have a significant influence on wind
comfort. The work also showed that the airflow distribution in the skygarden can lead to variations in
the thermal comfort levels and could potentially create uncomfortable and even dangerous conditions
for occupants. Mohammadi and Calautit [30] evaluated the attenuation and cooling effect of vegetation
in skygardens. The authors highlighted the positive influence of the addition of vegetation on the
conditions in the skygarden and suggested that future studies should focus on other elements apart
from trees which could modify the airflow (as shown in Figure 1). The addition of/combination with
other attenuating elements can provide better control of the wind flow, especially in locations with very
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strong winds. Furthermore, the influence of the integration of different types of attenuating elements
on the wind distribution and thermal conditions should be evaluated.Fluids 2020, 5, x 3 of 20 

 

 

(a) (c) 

  
(b) (d) 

Figure 1. Wind barrier elements used in skygarden design; (a) railing or windscreen, (b) hedge, and 

(c) small and (d) large trees. 

To address the research gaps, this study will build on the previous works to investigate the 

impact of different types of wind-attenuating elements such as hedges, railings, and plants, which 

are typically present in skygardens, on the aero-thermal comfort characteristics of the semi-outdoor 

space. The present study uses one of the cases, identified previously, to analyse the attenuation effect 

of vegetation in skygardens. A benchmark high-rise building model was developed and validated 

with the experimental data of the Commonwealth Advisory Aeronautical Council (CAARC) 

standard tall building model [31]. Various wind barrier configurations will be incorporated across 

the boundary regions of the skygarden model. 

2. Method  

The present work will employ numerical modelling to assess the effect of vegetation 

configurations on the wind and thermal conditions within a skygarden. The evapotranspiration 

cooling effect of the vegetation will be considered for the assessment of the thermal conditions. The 

numerical investigation will use the CFD software FLUENT (Ansys®  Academic Research Fluent, 

Release 18.1, Canonsburg, PA, USA). 

2.1. CFD Governing Equation 

In the present study, the Reynolds averaged Navier–Stokes (RANS) equation approach, and the 

k-Ɛ equations are applied, which are common and well established in the field of urban flow 

simulations. The simulation was conducted at steady state and with a three-dimensional 

computational domain. The semi-implicit method for a pressure-linked equations segregated 

pressure-based algorithm solver is employed [32]. The Reynolds averaged Navier-Stokes (RANS) 

equation is implemented using the realisable k-Ɛ turbulence model, following the study conducted 

by Gromke et al. [33]. The Boussinesq approximation is employed to account for thermal effects and 

buoyancy. The governing equations for continuity, mean strain rate tensor, turbulence kinetic energy 

(k), dissipation rate (Ɛ), turbulent viscosity, and energy are used (not shown here, but fully available 

in the FLUENT theory guide). 
To account for the vegetation cooling effect, the present study adopted a simplified approach 

based on the works of Rahman et al. [34] and Gromke et al. [35] and a volumetric cooling potential 

of 350 W/m3 per LAD was assigned as a source term in the energy equation. Leaf Area Density, or 

Figure 1. Wind barrier elements used in skygarden design; (a) railing or windscreen, (b) hedge,
and (c) small and (d) large trees.

To address the research gaps, this study will build on the previous works to investigate the
impact of different types of wind-attenuating elements such as hedges, railings, and plants, which are
typically present in skygardens, on the aero-thermal comfort characteristics of the semi-outdoor space.
The present study uses one of the cases, identified previously, to analyse the attenuation effect of
vegetation in skygardens. A benchmark high-rise building model was developed and validated with
the experimental data of the Commonwealth Advisory Aeronautical Council (CAARC) standard tall
building model [31]. Various wind barrier configurations will be incorporated across the boundary
regions of the skygarden model.

2. Method

The present work will employ numerical modelling to assess the effect of vegetation configurations
on the wind and thermal conditions within a skygarden. The evapotranspiration cooling effect of the
vegetation will be considered for the assessment of the thermal conditions. The numerical investigation
will use the CFD software FLUENT (Ansys® Academic Research Fluent, Release 18.1, Canonsburg,
PA, USA).

2.1. CFD Governing Equation

In the present study, the Reynolds averaged Navier–Stokes (RANS) equation approach, and the k-ε
equations are applied, which are common and well established in the field of urban flow simulations.
The simulation was conducted at steady state and with a three-dimensional computational domain.
The semi-implicit method for a pressure-linked equations segregated pressure-based algorithm solver
is employed [32]. The Reynolds averaged Navier-Stokes (RANS) equation is implemented using the
realisable k-ε turbulence model, following the study conducted by Gromke et al. [33]. The Boussinesq
approximation is employed to account for thermal effects and buoyancy. The governing equations
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for continuity, mean strain rate tensor, turbulence kinetic energy (k), dissipation rate (ε), turbulent
viscosity, and energy are used (not shown here, but fully available in the FLUENT theory guide).

To account for the vegetation cooling effect, the present study adopted a simplified approach
based on the works of Rahman et al. [34] and Gromke et al. [35] and a volumetric cooling potential of
350 W/m3 per LAD was assigned as a source term in the energy equation. Leaf Area Density, or LAD,
is defined as the leaf area per unit volume of the vegetation. While the actual shape of the vegetation can
vary from species to species and can be quite spatially complex, it was decided to model the geometry
following [36] with a constant LAD of 2.3 m2/m3, as shown in Figure 2a. To account for the effect of
vegetation on air flow, the Ergun equation was utilised to determine the viscous resistance factor (1/α)
and the inertial resistance factor (C2). The FLUENT theory guide provides these formulae as:

α =
d2

150
∅3

(1−∅)2 (1)

C2 =
3.5
d

(1−∅)

∅3 (2)

where d is the particle diameter and Ø is the void fraction, set to 0.02 m and 0.96, respectively, in the
present work.
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2.2. Computational Geometry and Domain

For pre-processing, the solid geometry is modelled in CAD and imported into ANSYS for meshing
and flow analysis. The present study requires the modelling of separate components that are assembled
into an integrated model which can be done in the CAD software. The CAD geometry is imported to
ANSYS Design Modeler, which requires further modification to define the computational fluid domain
required for the CFD simulations, as shown in Figure 2a. The present work adopts a domain size based
on [37]. The upstream and side domain lengths are 5H or five times the height of the building, 920 m.
The downstream domain length is 15H, while the total height of the domain is 3H. The building has a
height, width, and depth of 184 m, 45.7 m, and 30.8 m, respectively, with the width to depth in the
ratio of 3:2. The validation model consists of a rectangular building, without the skygarden.

The present work adopts the hollowed-out configuration of the skygarden, as shown in Figure 2b,
characterised by a void going through the depths of the building [26]. Buildings, such as the Abeno
Harukas (Osaka) and Post Tower (Bonn), have integrated such skygarden designs. The modelled
high-rise building is 46 storeys high, with each storey being 4 m. In total, the height reaches 184 m,
and the skygarden covers three storeys, i.e., 12 m. Additionally, the skygarden is placed centrally at
92 m above the ground.

The railing, hedges and trees are placed in the zones of high wind speeds, which are near the edge
of the skygarden. Table 1 lists some of studies which have modelled these elements. As observed in
previous works [30,38], this arrangement functions as an attenuator or barrier for the oncoming wind.
Figure 2b shows an example of the arrangement of trees in the skygarden. The railing is modelled
as a thin solid wall with a width of 0.05 m and height of 1.5 m and 2 m, generating a blockage of
13% and 17%. The hedge is modelled as a rectangular-shaped porous fluid volume (air) to set it as
a porous medium, detailed in Section 2.1. The hedge has a width of 1.5 m and height of 1.5 m and
2 m, generating a blockage of 13% and 17%. Both the railing and hedge are placed at the edge of the
skygarden. An oval-shaped tree with maximum diameter of 2.5 m (small tree) and a 4.5 m diameter
(large tree) is used to represent a generic tree shape and is placed 0.5 m above the floor, following
the study by [34]. To account for structural and architectural reasons, the trees are placed 2.5 m from
the edge and equally spaced out. Table 2 summarises the specifications of the different wind barrier
solutions considered in this study. While the hedge and railing are continuous in nature, trees are
discretely placed along the skygarden edge, and the maximum number of trees is placed to ensure full
coverage. Thus, 12 small trees (c1) and six large trees (c2) are placed at either edge.

Table 1. Studies which modelled railings, hedges, and trees.

Type Dimension
ReferenceHeight (m) Width (m)

Railing
1.2 m - [22]
1.1 m

(minimum) - [39]

~2 m - Typical skygarden baluster height
(e.g., 20 Fenchurch Street, Marina Bay Sands, etc.)

Hedge

1.5 m, 2.5 m 1.5 m [38]
0.5~4 m 1.5 m [40]
1~4 m 1 m [41]
1.5 m - [42]

Trees (Small)

1.5~4 m 1~7.5 m [43]
1.7 m~2.4 m 1.6~3.2 m [44]

2.2 m 1.6 m [45]
2~4 m 1~2 m [46]

Trees (Large)

3.4 m 2.2 m [47]
4~8 m 2~6 m [48]

6.1–7.2 m 3.6–4.5 m [49]
6 m, 9 m 6, 12, 18 m [50]
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Table 2. Specifications of the railing, hedges, and trees incorporated into the skygarden model
(present study).

Configuration Element Type Element Width (m) Element
Height (m)

Center-to-Center
Tree Distance (m) Blockage Ratio

a1 Railing 0.050 1.5 - 13%
a2 Railing 0.050 2.0 - 17%
b1 Hedge 1.5 1.5 - 13%
b2 Hedge 1.5 2.0 - 17%
c1 Trees 2.5 2.5 2.3 16%
c2 Trees 4.5 5.0 4.6 33%

Figure 3 shows the seven skygarden models simulated in the present study. Four main
configurations were simulated: no wind barriers (reference), glass railing, hedge, and trees. From
previous works [29,30], it was observed that wind speeds are higher near the edges of the skygarden
and, consequently, the wind barriers are placed along the edges for an effective windbreak. Moreover,
in practice, each skygarden is uniquely designed considering the contextual nature of the site, making
it difficult to simulate any particular type. Both the windward and leeward edges are lined with wind
barriers to account for the dynamic nature of the wind direction. The centre line marked in Figure 3
was used for comparing the values across the different configurations of the skygardens.
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Figure 3. Arrangements within the skygarden model, with the centre line marked on the reference
plane; (a) base skygarden configuration, skygarden with (b1) 1.5 m glass railing, (b2) 2 m glass railing,
(c1) 1.5 m hedge, (c2) 2 m hedge, (d1) trees of height 2.5 m, and (d2) trees of height 4.5 m.

2.3. Boundary Conditions

The domain was created as an enclosure which allows for the simulation of airflow around the
high-rise building model [51], as shown in Figure 2a. A velocity flow field is generated by setting one
side of the enclosure as the velocity inlet and the other side as the pressure outlet.
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Following the works of Dagnew [52] and Huang et al. [53], the power-law wind profile was
created to account for the wind speed modifications due to presence of urban surroundings, shown in
Figure 4 and given by:

u(z) = u(z1)·

(
z
z1

)α
(3)

where u(z) is the calculated wind velocity (m/s) at the desired height z and u(z1) is the reference wind
speed at the height z1. In this case, the reference height was the height of the building, 184 m, and the
reference speed was 12 m/s. α is the power-law exponent, which was set to 0.33 to represent towns
and cities. Since the region of interest was located high up on the building, a fully turbulent flow was
considered with turbulent kinetic energy (k) and a turbulent dissipation rate (ε) set to 0.8 m2/s2 and
1 m2/s3, respectively, at the inlet. The wind speed was modelled at a higher side to investigate the
effectiveness of buffer attenuation.
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The pressure outlet was set as 0 Pa. The air temperature for the inlet was kept constant at 303 K
(30 ◦C). The boundary condition for the outlet was set to a pressure outlet with 0 pa. Gravity of−9.8 m/s2

was set for the simulation domain to account for buoyancy. Symmetry for top and sidewalls and a
no-slip condition for the ground were implemented as a standard roughness model. The simulation
was considered converged when the area of interest (skygarden centre line) recorded a constant value.

2.4. Mesh Design

Figure 5 shows the generated computational mesh around the surfaces of the 3D model of the
high-rise building and skygarden. Since the FLUENT tool is based on the FVM method, it has a variety
of mesh generation flexibilities and the capacity to deal with unstructured and structure mesh in its
solver. An unstructured mesh was generated for the domain, except in the area of the building surface,
where a structured mesh was generated to allow for the flow fields near the critical areas of interest to
be captured in the simulation. Sizing functions were applied in the inner domain. The mesh element
size was refined in areas with a high gradient to improve the accuracy of the velocity and temperature
field results. The size ensured that every building edge was resolved by at least 10 cells. The 3D mesh
consisted of 2.7 million elements.
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(b) along the central plane.

Grid sensitivity analysis was also carried out to assess the independence of the CFD solution
from the mesh size. The set boundary conditions remained fixed throughout the simulation process
to ascertain a precise comparison of the results. Various mesh sizes ranging from 3 m to 1 m near
the building and skygarden area were generated, and simulated with similar boundary conditions
(detailed in the next section).

2.5. Outdoor Comfort Criteria

The Lawson (1978) [54] criterion (Table 3) was selected as the wind comfort requirement for this
investigation. It enables the identification of wind velocity achieved across the skygarden in relation to
occupancy activities.

Table 3. Wind speed classification based on pedestrian comfort after Lawson [54].

Threshold of Wind Speed Quality Class Original Description Reference Activity

U > 1.8 m/s A Covered area Sitting long
U > 3.6 m/s B Pedestrians standing around Sitting short
U > 5.3 m/s C Pedestrian walkthrough Strolling
U > 7.6 m/s D Roads and car parks Walking fast
U > 15 m/s E Dangerous Unacceptable

3. Method Verification and Validation

To verify the benchmark high-rise building model, a grid sensitivity analysis was carried out,
and the results were validated with experimental and numerical data from previous studies. For this
purpose, the pressure coefficient (Cp) along the front, side, and back face of the building at two-thirds
of the height, following Huang et al. [53], was extracted. This enabled comparison with studies which
previously employed the CAARC building with similar dimensions.

3.1. Verification of the Base High-Rise Building

A sensitivity analysis was performed to determine the most suitable mesh size and configuration.
Table 4 presents the details of the various forms of mesh applied to the base building model. All mesh
configurations of the base high-rise building was simulated to verify the benchmark model and select
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the mesh setup that provided a balance between the mesh size, computational time, rate of convergence,
solution quality, and grid independence.

Table 4. Mesh setup for verification.

Mesh Config. Mesh Settings Number of

Building Vicinity Sizing Nodes Elements

A 0.25 m 667,228 2,603,555
B 0.2 m 552,357 2,466,524
C 0.1 m 1,049,698 3,029,468
D 0.1 m 697,824 2,714,337

Simulations of the base high-rise building with the k-ε turbulence model were performed using
the mesh configurations detailed Table 4. Using the assigned wind velocity profile (Figure 4) and
the initial CFD setup conditions, the pressure coefficients along the windward, side, and leeward
surfaces at two-thirds (2/3 h) of the building height (123 m above ground) were evaluated. The pressure
coefficients were comparable as it showed that mesh configuration and sizes had a high impact on the
results of the pressure coefficient (Figure 6).
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Figure 6. Mesh sensitivity results in terms of pressure coefficient around the windward, side, and
leeward surfaces of the benchmark building model at the height of 2/3 h, 123 m above ground using
various meshing configurations indicated in Table 4 and compared with the study by Huang et al. [53]
and Braun and Awruch [55].

The pressure coefficient results are also comparable with the results of Huang et al. [53] and
Braun and Awruch [55] in the same plot. Comparing the results of the different mesh arrangements,
the predicted pressure values from Mesh A were closer to those from the available data. Meanwhile,
the pattern of Mesh D is much closer to the available data. On the windward surface, the overall
agreement between the present numerical results and previous work is quite good. The present model
slightly overpredicted the pressure values on the side and leeward surfaces. This can be attributed to
the difference in the experimental test, simulated boundary layer, turbulence model, and characteristics.

3.2. Validation of Vegetation and Trees

The vegetation model was validated against the study by Manickathan et al. [56], where the
domain size of the reference case was 35 m in length and 11.5 m in height (Figure 7). Within the 2D
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domain, vegetation was represented by a 1 m square placed 8.5 m from the inlet and 0.5 m above the
ground. Inlet velocity was modelled after Richard and Norris [57], where the von Karman number and
roughness height were set to 0.41 and 0.0217 m, respectively. The inlet air temperature was set to 32 ◦C.

Fluids 2020, 5, x 10 of 20 

 

Figure 7. Simulation domain of the validation model, with the porous vegetation indicated by the 

green square and centred along the x-axis. 

The velocity and temperature distribution of the area around the vegetation (−2 < X < 6; 0 < 

Height < 3) is shown in Figure 8. The vegetation zone offers resistance to the flow of air, with reduced 

speeds in the wake of the zone. The velocity distribution is in good agreement with the reference 

study [55]. A plot of velocity along the analysis line (marked in the figure, which runs through the 

centre of the vegetation patch) is shown in Figure 9. Vegetation is represented by the green patch, 

extending from −0.5 to 0.5 on the x-axis. The trend closely follows the numerical model of [55], with 

a slight underprediction towards the back of the vegetation patch. A deviation of about 0.04 m/s2 is 

observed towards the far end. The model performs well given the low modelling complexity of the 

vegetation zone. A temperature drop of about 1 °C is observed in the wake of the vegetation, similar 

to the decrease estimated by the reference case. 

 

Figure 8. Contours of velocity and temperature around the vegetation (black square) from the 

validation model. 
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The velocity and temperature distribution of the area around the vegetation (−2 < X < 6;
0 < Height < 3) is shown in Figure 8. The vegetation zone offers resistance to the flow of air, with reduced
speeds in the wake of the zone. The velocity distribution is in good agreement with the reference
study [55]. A plot of velocity along the analysis line (marked in the figure, which runs through the
centre of the vegetation patch) is shown in Figure 9. Vegetation is represented by the green patch,
extending from −0.5 to 0.5 on the x-axis. The trend closely follows the numerical model of [55], with a
slight underprediction towards the back of the vegetation patch. A deviation of about 0.04 m/s2 is
observed towards the far end. The model performs well given the low modelling complexity of the
vegetation zone. A temperature drop of about 1 ◦C is observed in the wake of the vegetation, similar
to the decrease estimated by the reference case.

Fluids 2020, 5, x 10 of 20 

 

Figure 7. Simulation domain of the validation model, with the porous vegetation indicated by the 

green square and centred along the x-axis. 

The velocity and temperature distribution of the area around the vegetation (−2 < X < 6; 0 < 

Height < 3) is shown in Figure 8. The vegetation zone offers resistance to the flow of air, with reduced 

speeds in the wake of the zone. The velocity distribution is in good agreement with the reference 

study [55]. A plot of velocity along the analysis line (marked in the figure, which runs through the 

centre of the vegetation patch) is shown in Figure 9. Vegetation is represented by the green patch, 

extending from −0.5 to 0.5 on the x-axis. The trend closely follows the numerical model of [55], with 

a slight underprediction towards the back of the vegetation patch. A deviation of about 0.04 m/s2 is 

observed towards the far end. The model performs well given the low modelling complexity of the 

vegetation zone. A temperature drop of about 1 °C is observed in the wake of the vegetation, similar 

to the decrease estimated by the reference case. 

 

Figure 8. Contours of velocity and temperature around the vegetation (black square) from the 

validation model. 

Figure 8. Contours of velocity and temperature around the vegetation (black square) from the
validation model.



Fluids 2020, 5, 160 11 of 20
Fluids 2020, 5, x 11 of 20 

 

Figure 9. Comparison of wind speed along the analysis line, with the vegetation zone indicated by 

the green patch from −0.5 to 0.5 on the x-axis. 

The slight variations in temperature and velocity could be due to the complex approach by 

Manickathan [55], wherein the authors inserted source/sink terms to account for modifications in air 

humidity, temperature, momentum, and turbulence. However, in the present case, a simplified 

vegetation model was adopted here without taking into account the detailed energy fluxes at the leaf 

surface. Furthermore, the numerical simulation was carried out in ANSYS, as opposed to 

OpenFOAM, which was utilised for the reference case. Given the objective of the present study to 

determine the attenuation effect of vegetation in a skygarden and of the observed wind pattern on 

the building platform, the deviations were considered quite small, and the observed contour was 

sufficiently accurate for further analysis. 

4. Results and Discussion 

The location and configuration of the skygarden have a major impact on the local wind speeds 

within the building [29,30] and the wind speeds are usually higher at the central location of the 

skygarden. The analysis is carried out at occupants’ chest height, on a plane at a height of 1.4 m. 

Typically, wind speeds within the skygarden are amplified due to pressure short circuiting, and the 

air is drawn from around the opening into the void. Recirculation zones are observed in the wake of 

the building, while airflow, from the skygarden, is seen to move upwards after exiting in the rear 

(Figure 10). 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

-2 -1 0 1 2 3 4 5 6

V
el

o
ci

ty

X

Present study

Manickathan et al.

Figure 9. Comparison of wind speed along the analysis line, with the vegetation zone indicated by the
green patch from −0.5 to 0.5 on the x-axis.

The slight variations in temperature and velocity could be due to the complex approach by
Manickathan [55], wherein the authors inserted source/sink terms to account for modifications in
air humidity, temperature, momentum, and turbulence. However, in the present case, a simplified
vegetation model was adopted here without taking into account the detailed energy fluxes at the leaf
surface. Furthermore, the numerical simulation was carried out in ANSYS, as opposed to OpenFOAM,
which was utilised for the reference case. Given the objective of the present study to determine the
attenuation effect of vegetation in a skygarden and of the observed wind pattern on the building
platform, the deviations were considered quite small, and the observed contour was sufficiently
accurate for further analysis.

4. Results and Discussion

The location and configuration of the skygarden have a major impact on the local wind speeds
within the building [29,30] and the wind speeds are usually higher at the central location of the
skygarden. The analysis is carried out at occupants’ chest height, on a plane at a height of 1.4 m.
Typically, wind speeds within the skygarden are amplified due to pressure short circuiting, and the
air is drawn from around the opening into the void. Recirculation zones are observed in the wake
of the building, while airflow, from the skygarden, is seen to move upwards after exiting in the rear
(Figure 10).

A closer observation within the skygarden (Figure 11) indicates that wind speeds are highest
near the front, in the range of 10 m/s to 13 m/s. Speeds are generally lower along the middle of the
skygarden and increase towards the sides. On average, the velocity at the occupants’ level is 12 m/s,
which is significantly higher than the human comfort range. Thus, people will always experience
discomfort within the skygarden. Even for intense physical activity, like running, such high wind
speeds will be a cause of distress.
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4.1. Impact of Buffer Elements on Wind Speed

In reality, most skygardens have a parapet or a railing for security purposes which also serves
to deflect the wind away from occupants. With the introduction of such buffers, the wind speed is
attenuated in the skygarden to create a more conducive environment for occupants. Three cases are
simulated here, wherein the buffer elements are erected at the open edge of the skygarden. Case a
(1 and 2) are integrated with a solid railing, case b (1 and 2) with 1.5 m thick hedges, and case c (1 and 2)
with trees. A comparative analysis of the three elements is discussed below.
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From Figure 12, it can be inferred that the wind speeds are generally reduced for all cases when
compared with the base case. The buffer elements significantly reduce the wind velocity across the
skygardens, as more areas achieve a wind velocity of less than 5 m/s. Specifically, the buffers along the
windward side provide a barrier to the direct wind flow. In the case of railings and hedges, it is observed
that the larger elements provide better attenuation. The high railing provides the highest attenuation,
with an average velocity of about 2 m/s, while the configuration with low-level hedges is the least
effective for wind reduction, with an average velocity of about 4.2 m/s. Each configuration has a distinct
airflow pattern, specific to the interaction between the buffer elements and wind. Correspondingly,
Table 5 presents the average wind speed across the skygarden at occupants’ height for each of the
configuration cases. However, in terms of wind comfort, most configurations generate a Lawson
quality class (QC) of C and below near the centre of the skygarden (Figure 13). This suggests that
although the various elements have varying potential to attenuate the wind speed, they generally
create a conducive environment for the skygarden occupants. However, the short railing and hedge
are not able to reduce the winds speeds to comfortable levels near the sides.
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Figure 12. Wind velocity contour in the skygarden captured at 1.4 m above the skygarden plane,
corresponding to occupants’ height with (a1) 1.5 m railing, (a2) 2 m railing, (b1) 1.5 m hedge, (b2) 2 m
hedge, (c1) 2.5 m trees, and (c2) 5 m trees.

Table 5. Average wind speed in the skygarden at occupants’ height, (base) base configuration, (a1) 1.5 m
railing, (a2) 2 m railing, (b1) 1.5 m hedge, (b2) 2 m hedge, (c1) 2.5 m trees, and (c2) 5 m trees.

Case Base A1 A2 B1 B2 C1 C2

Average wind
speeds (m/s) 11.99 4.07 2.24 4.20 2.91 3.93 4.00
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Figure 13. Velocity profile along the middle of the skygarden, the grey patch indicates wind speeds of
quality class C and below; (a1) railing 1.5 m, (a2) railing 2 m, (b1) hedge 1.5 m, (b2) hedge 2 m, (c1) tree
2.5 m, and (c2) tree 5 m.

4.2. Wind Comfort within the Skygarden

In the base configuration, without any buffer element, it was observed that wind speeds are
generally of QC-E. In fact, in some places near the front edge, the speeds are dangerously high and
unsafe for occupancy. With the addition of a 1.5 m high railing, QCs of A and B are generated near the
anterior of the skygarden. This gradually shifts to QC-C near the rear, while some areas on the sides
experience QC-D. The QC is further improved by increasing the height of the railing to 2 m. Similarly,
the hedges create better QCs near the centre of the skygarden. In the case of a 1.5 m hedge, QC-D
is observed near the walls, which is not preferable for sedentary activity. However, it can support
activities like running and jogging. In the case of trees, the entire region between the front and rear
row is seen to experience a QC of C and below. Alternate bands are created due to the funnelling effect,
but on average, the zone is comfortable for occupants.

Table 6 lists the percentage of the skygarden area with a QC of C and below. A higher number
indicates a larger area where occupants will be comfortable. It can be observed that the addition of
buffer elements significantly improves the wind comfort in the region. Even the worst performing
setup, i.e., the 1.5 m hedge configuration, still has 69% of the area within comfort limits. The 2 m railing
can achieve comfort criteria for the entire skygarden, followed by a 2 m high hedge and then by the
tree configurations.

Table 6. Percentage area of skygarden within quality class of C; (a1) railing 1.5 m, (a2) railing 2 m,
(b1) hedge 1.5 m, (b2) hedge 2 m, (c1) tree 2.5 m, and (c2) tree 5 m.

Case Base A1 A2 B1 B2 C1 C2

Percentage area of
skygarden with Quality

Class of C or below
3.68% 71.84% 98.60% 69.02% 96.01% 93.10% 91.09%

A sectional view of the skygarden configuration is shown in Figure 14. In the base case, wind
speeds are quite high, of the class E, throughout the height of the skygarden, except near the floor
and the ceiling. The addition of buffer elements significantly stalls the airflow near the floor, while
generally reducing the speed in the entire volume. The height of the element determines the relative
height of a calm region which can be discerned for all three configurations. A higher railing generates
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larger depths of QC-C in the skygarden, compared to the lower railing. A similar pattern is observed
for the hedge as well as the trees. This indicates that based on the occupancy and activity envisaged in
the skygarden, the height of the buffer element can be determined to ensure sufficient attenuation is
achieved. The large trees, due to their sheer size, generate comfortable wind flow in the entire depth
and to a significant height for the skygarden. However, there is a slight increase in wind speeds near
the floor due to the raised tree crown.
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Figure 14. Plot of wind speed in the skygarden along a vertical plane; (a) base configuration without
any buffer, (b1) railing 1.5 m, (b2) railing 2 m, (c1) hedge 1.5 m, (c2) hedge 2 m, (d1) tree 2.5 m,
and (d2) tree 5 m.

4.3. Impact of Buffer Elements on Air Temperature

Vegetation is known to provide evapotranspirational cooling, which can be harnessed to improve
the microclimate of the skygarden. Figure 15 shows the temperature distribution across the skygarden
for the hedge and tree configuration. Configurations with railings are not considered for this effect,
and the temperature is assumed to be constant, similar to the base case. In the case of the skygarden
with hedges, there is slight cooling near the foliage. Reductions ranging from 0.3 ◦C to 0.5 ◦C can be
seen in the vicinity of the hedges, however, the drop in temperature is negligible towards the rear.
In the case of small trees, the reduction in temperature is similar but is spread across the skygarden.
The larger trees are, however, able to produce cooling, ranging from 0.5 ◦C to 1 ◦C in their wake.
Furthermore, the contours are fairly spread out across the depth and occupiable height of the skygarden.
The leeward trees can extract more heat from the air and reduce temperatures further by a degree.
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The study by Mohammadi and Calautit [30] suggests that increasing the number of trees would
produce more cooling in the skygarden. In the current scenario, the total foliage volumes for 2.5 m
trees and 5 m trees are 162.26 m3 and 649 m3, respectively. Consequently, the area average temperature
reduction in the skygarden for case c2 is about 3.8 times higher than for case c1 (average temperature
reductions being 0.35 ◦C and 0.09 ◦C, respectively). Overall, the foliage can induce both cooling and
attenuation in wind speeds for the comfort of occupants. It also has the potential for blocking solar
radiation and improving air quality, although the effects have not been considered in this study.

5. Conclusions

The main aim of the study was to identify the effects of various buffer elements on the general air
quality of the skygarden. Such buffers are primarily installed as a security feature in skygardens but
can also assist in modifying the airflow. The right combination and dimension of these elements can
greatly assist in generating aero-thermal comfort across the skygarden. This is an important indicator
of the performance of a skygarden-integrated building design and the achievement of comfortable
environments for occupants. A quality class (QC) of C of the Lawson comfort criteria was assumed as
the desired maximum condition to enable skygardens to have a suitable wind comfort level for the
performance of any type of occupancy activities. The hollowed-out skygarden design, located centrally
in the building with no parapet, was found to be dangerous for occupancy as it produced high wind
speeds in the region.

The addition of buffer elements, like railings or hedges and trees, greatly stalled the air. However,
the aero-thermal quality of air greatly differed in each case. While railings are solid barriers, hedges
and trees, modelled as a porous zone, provide momentum sinks for reducing wind speeds. Railings are
most effective in deflecting wind flow and generate QC-C at occupant height. Higher railings ensure a
better spread of wind for improved comfort quality across the skygarden. Although hedges can stall
airflow, their relative performance is lower than railings. Trees, on the other hand, can generate QC-C
at a sufficient height and depth of the skygarden. They also provide cooling up to 1 ◦C, which can be
increased depending on the variety of species planted.

While railings are easy to install and maintain, foliage requires careful planning and regular
maintenance. Trees can be relatively expensive and pose structural challenges, but can provide added
benefits like providing shade, better cooling, fresh air, carbon sinks, and psychological benefits. Further
study can investigate the impact towards various tree geometries, volumetric cooling potential and
planting location to optimise the design. Other factors like lighting, view factors, solar radiation,
pollutants, and noise abatement can also be investigated. These studies have been carried out
for roadside vegetation and vertical greenery; however, their impact is relatively unknown in the
context of a skygarden. Moreover, skygardens appear in various forms and geometries dictated
by building designs across the globe, and further studies could assess the aero-thermal comfort
characteristics with these buffer elements for various other shapes and configurations as well varying
meteorological conditions.
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